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ABSTRACT
We present the results of a new search for galaxies at redshift z ' 9 in the first two Hubble
Frontier Fields with completed HST WFC3/IR and ACS imaging. To ensure robust photo-
metric redshift solutions, and to minimize incompleteness, we confine our search to objects
with H160 < 28.6 (AB mag), consider only image regions with an rms noise σ160 > 30mag
(within a 0.5-arcsec diameter aperture), and insist on detections in bothH160 and J140. The re-
sult is a survey covering an effective area (after accounting for magnification) of 10.9 arcmin2,
which yields 12 galaxies at 8.4 < z < 9.5. Within the Abell-2744 cluster and parallel fields
we confirm the three brightest objects reported by Ishigaki et al., but recover only one of the
four z > 8.4 sources reported by Zheng et al.. In the MACSJ0416.1-240 cluster field we
report five objects, and explain why each of these eluded detection or classification as z ' 9
galaxies in the published searches of the shallower CLASH data. Finally we uncover four
z ' 9 galaxies from the MACSJ0416.1-240 parallel field. Based on the published magnifica-
tion maps we find that only one of these 12 galaxies is likely boosted by more than a factor
of two by gravitational lensing. Consequently we are able to perform a fairly straightforward
reanalysis of the normalization of the z ' 9 UV galaxy luminosity function as explored pre-
viously in the HUDF12 programme. We conclude that the new data strengthen the evidence
for a continued smooth decline in UV luminosity density (and hence star-formation rate den-
sity) from z ' 8 to z ' 9, contrary to recent reports of a marked drop-off at these redshifts.
This provides further support for the scenario in which early galaxy evolution is sufficiently
extended to explain cosmic reionization.
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1 INTRODUCTION
The discovery and study of galaxies at z ≥ 7 was first made
possible by the advent of deep, multi-band, near-infrared imag-
ing provided by the installation of WFC3/IR on the Hubble Space
Telescope (HST) in 2009 (e.g. Bouwens et al. 2010; McLure et
al. 2010; Oesch et al. 2010; Finkelstein et al. 2010; Bunker et al.
2010; see Dunlop 2013 for a review). The initial deep studies with
WFC3/IR revealed the first significant samples of galaxies at z ' 7
and z ' 8, based on imaging through the Y105 (or Y098), J125
and H160 filters, coupled with pre-existing deep optical imaging
with ACS (to establish a lack of emission shortward of the red-
shifted Lyman-break at λrest = 1216A˚). In the intervening 5 years,
by combining the ultra-deep data available in the Hubble Ultra
Deep Field (HUDF; HUDF09+HUDF12) with shallower, wider-
? Email: mcleod@roe.ac.uk
† Scottish Universities Physics Alliance
field data from the HUDF09 parallel fields, CANDELS (Grogin et
al. 2011; Koekemoer et al. 2011) and BoRG surveys (Trenti et al.
2011), several different groups have reached very similar conclu-
sions on the form of the rest-frame UV galaxy luminosity function
(LF) at z ' 7 and z ' 8 (e.g. McLure et al. 2010, 2013; Oesch
et al. 2012b; Bradley et al. 2012; Schenker et al. 2013; Schmidt
et al. 2014; Bouwens et al. 2015; Finkelstein et al. 2014), at least
at M1500 > −21 (see Bowler et al. 2012, 2014a, 2014b for new
progress in the continuing debate over the form of the bright-end of
the high-redshift galaxy LF).
While a general consensus has therefore emerged over the
evolving LF (and hence UV luminosity density) out to z ' 8,
progress at higher redshifts has, unsurprisingly, proved more dif-
ficult. The robust selection of galaxies at z ' 9 required ex-
ploitation of the additional J140 filter, enabling deeper, dual-band
(J140 + H160) detections of the rest-frame UV continuum long-
ward of the Lyman break even if the source lay beyond z ' 8.5.
This approach (coupled with ultra-deep Y105 imaging) was utilised
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in the HUDF12 programme to provide the first meaningful sam-
ple of galaxies at z ' 9 (Ellis et al. 2013; McLure et al. 2013)
and was also successfully exploited in the CLASH Treasury Pro-
gramme to uncover examples of gravitationally-lensed galaxies at
z ' 9.6 (Zheng et al. 2012) and z ' 10.7 (Coe et al. 2013).
Ellis et al. (2013) used the first robust sample of galaxies at
8.5 < z < 9.5 uncovered from the HUDF12 imaging to inves-
tigate the evolution of UV luminosity density at z ≥ 8, and con-
cluded that, although the star-formation rate density at z ≥ 8 ap-
peared to fall below a simple extrapolation of the evolution seen
over z ' 6−8, the fall-off was less dramatic than implied by some
previous studies (i.e. Bouwens et al. 2011a; Oesch et al. 2012a),
and more consistent with estimates from individually lensed z ≥ 8
galaxies from the CLASH clusters survey (e.g. Zheng et al. 2012;
Coe et al. 2013). Subsequently, by combining the HUDF12 dataset
with wider-area imaging from CANDELS, McLure et al. (2013)
produced the first constraints on the z = 9 LF (at M1500 ' −18)
and used these to re-calculate the UV luminosity density. The re-
sulting inferred star-formation rate density at z ' 9 was actually
somewhat higher than derived by Ellis et al. (2013).
However, despite this progress, the relatively small size of the
z ' 9 samples, coupled with the potential for extreme field-to-field
cosmic variance when sampling only the bright end of the z ' 9
galaxy UV LF (e.g. Robertson et al. 2014), has led to considerable
debate over the amount of star formation at z ' 9. In essence, while
there is now a broad consensus that UV luminosity density declines
smoothly and gradually from z ' 4 to z ' 8, some authors have
continued to argue that the available information at higher redshifts
favours a rapid drop-off at z ' 9 (e.g. Oesch et al. 2013, 2014a,
2014b) while others have argued in support of continued smooth
decline (e.g. Ellis et al. 2013).
This, then, is the new focus of debate in the study of high-
redshift galaxy evolution. It is of importance for several reasons.
First, since z ' 9 is only 95 Myr earlier than z ' 8, a sudden
acceleration in the descent of UV luminosity density over such a
relatively small amount of additional lookback time could be rea-
sonably viewed as discovery of the ‘epoch of galaxy formation’.
Secondly, such a down-turn in galaxy abundance would make
it more difficult for young galaxies to be the primary agent of cos-
mic reionization (c.f. Robertson et al 2010, 2013), unless the opti-
cal depth due to Thomson scattering of the microwave background
has been over-estimated (Hinshaw et al 2013, Planck Collaboration
2014).
Third, such rapid evolution might also be viewed as unex-
pected given the known, relatively mature properties of galaxies
at z ' 7 (Dunlop et al. 2012, 2013) and theoretical predictions
of early structure growth (e.g. Jaacks et al. 2012; Kimm & Cen
2013; Paardekooper et al. 2013; Cai et al. 2014; Dayal et al. 2014;
Genel et al. 2014; Henriques et al. 2014). Fourth, the evolution of
the galaxy population out to z ' 9 has obvious implications for
the prospects of the search for and study of galaxies at even ear-
lier times (potentially out to z ' 20) with the James Webb Space
Telescope (JWST) from late 2018.
It is clear, therefore, that improved infomation on the preva-
lence of galaxies at z ' 9 is required, and thankfully, due to the
continued excellent performance of WFC3/IR, this is an area in
which the HST can still make an important contribution. This is one
of the science drivers for the Hubble Frontier Fields (HFF) pro-
gramme1, which aims to deliver deep, near-infrared (Y105, J125,
1 http://www.stsci.edu/hst/campaigns/frontier-fields/
J140, H160) data (with associated ACS optical imaging), over 12
WFC3/IR pointings, consisting of 6 cluster and 6 parallel fields.
Imaging of the first cluster field, Abell-2744, was completed in
early 2014 and has been explored by several authors (Zheng et al.
2014; Zitrin et al. 2014; Ishigaki et al. 2015; Atek et al. 2015; Oesch
et al. 2014b), while the Abell-2744 parallel field has also been in-
terrogated for high-redshift galaxies (Ishigaki et al. 2015; Oesch et
al. 2014b). At the time of writing, WFC3/IR+ACS imaging of the
second cluster field, MACSJ0416.1-240 (previously targeted in the
CLASH programme; Bradley et al. 2014; Bouwens et al. 2014),
and its associated parallel field has now also been completed.
While not of the depth achieved in the HUDF (see Koeke-
moer et al. 2013), these new pointings provide a large and impor-
tant increase in the sky area covered with the crucial deep 4-band
near-infrared imaging (i.e. including J140) required to robustly se-
lect galaxies at z > 8.5, and several of the aforementioned studies
have reported galaxies in the Abell-2744 cluster and parallel fields
at these extreme redshifts. Indeed, given the continued degradation
of the ACS, and relatively shallow nature of the HFF ACS opti-
cal imaging compared to the associated WFC3/IR imaging (at least
compared to the HUDF) the HFF programme is arguably better op-
timized for the selection of galaxies at z ' 9 than at z ' 7. More-
over, while much attention has been focussed on the potential for
gravitional lensing in the cluster fields to yield boosted examples
of faint high-redshift galaxies beyond the limits of blank field sur-
veys such as the HUDF, it is the parallel fields that in fact provide
the most valuable boost in well-understood cosmic volume for im-
proving our knowledge of the number density of galaxies at z ' 9.
In this paper we exploit the new HFF data from all four of the
pointings completed to date to photometrically select a new, robust
sample of galaxies in the redshift range 8.4 < z < 9.5. We ap-
ply the tried and trusted methods developed through the HUDF12
programme (McLure et al. 2013), confining attention to galaxies
which are sufficiently bright (in practice H160 < 28.6 AB mag)
for the available dynamic range in the multi-colour photometry
to deliver reasonably robust photometric redshifts. This approach
also involves confining our attention to clean, and deep regions of
the imaging (where the local rms noise in H160 as measured from
' 150 nearby 0.5-arcsec diameter apertures is σ160 ≥ 30 mag),
resulting in avoidance of the inner cluster regions, and most of the
area traversed by the critical lines of high magnification. The out-
come is essentially a new, blank-field survey for galaxies at z ' 9,
which complements the HUDF12 project by sampling ' 1 mag
shallower, but over an effective area ' 3 times greater. We use our
new sample of z ' 9 galaxies to revisit our previous estimate of
the UV LF (and hence luminosity density) at these redshifts, and
briefly explore the implications for early galaxy evolution.
The structure of the paper is as follows. In Section 2 we
discuss the HFF imaging data and briefly describe our selection
methods. In Section 3 we present and discuss our final sample
of z ' 9 galaxies. In Section 4 we update our determination of
the z ' 9 LF, derive the corresponding improved estimate of
the integrated UV luminosity density and hence star-formation
density at these redshifts, and compare with theoretical pre-
dictons. Finally, our conclusions are summarized in Section
5. Throughout the paper we will refer to the following HST
ACS+WFC3/IR filters: F435W, F600LP, F606W, F775W, F814W,
F850LP, F098M, F105W, F110W, F125W, F140W, F160W as
B435, V600, V606, i775, i814, z850, Y098, Y105, J110, J125, J140, H160
respectively. All magnitudes are quoted in the AB system (Oke
1974; Oke & Gunn 1983) and all cosmological calculations assume
ΩM = 0.3,ΩΛ = 0.7 and H0 = 70 kms−1Mpc−1.
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2 DATA AND OBJECT SELECTION
2.1 HST, VLT, Gemini, and Spitzer Imaging
The core dataset for this study is supplied by the public HST
WFC3/IR+ACS imaging which has now been completed for the
first two HFF clusters (Abell-2744 and MACSJ0416.1-240) and
their associated parallel fields. Because the field-of-view of the
ACS is larger than that of WFC3, the effective raw area of full
multi-band HST coverage is equivalent to four WFC3/IR point-
ings, or ' 19 arcmin2 (but see below, and Section 3 for the ef-
fective survey area for z ' 9 galaxies). Within this area, the HST
HFF imaging provides 7-band photometry, reaching 5-σ depths
of B435 = 28.9, V606 = 29.0, i814 = 29.0, Y105 = 28.9,
J125 = 28.5, J140 = 28.4, and H160 = 28.4 mag. These depths
correspond to 85% of point-source flux-density, as scaled from
aperture photometry measured on the HFF parallel fields through
0.4-arcsec diameter apertures in the ACS imaging, and apertures
scaling from 0.4 – 0.5-arcsec diameter through the infrared (i.e.
from Y105 to H160) which are designed to enclose 70% of point-
source flux in each WFC3/IR band (see below and McLure et al.
2013). The typical depth values listed here are averaged between
the Abell-2744 and MACSJ0416.1-240 imaging, with the former
being typically 0.1–0.2 mag deeper in most wavebands (due to the
background).
Because we are particularly interested here in sources which
are only detectable longward of ' 1.1µm, additional information
at wavelengths longer than H160 is still of value, even though the
available ground-based K-band imaging and Spitzer IRAC imag-
ing cannot reach the same depths as achieved with WFC3/IR. This
is because even non-detections at these longer wavelengths can
help to exclude potential low-redshift interlopers, and refine high-
redshift photometric redshift solutions. We have therefore made our
own reductions of the deep (' 25 − 30 hr), VLT Hawk-I Ks ob-
servations of the HFF (HAWKI-FF, PI: Brammer, ESO Programme
ID 092.A-0472), which provides Ks-band imaging across both the
cluster and parallel fields, with a FWHM ' 0.45 arcsec, reaching a
5-σ detection depth of Ks = 25.6 mag within a 1-arcsec diameter
aperture, (which encloses ' 75% of point-source flux). Although
the coverage is much less extensive, we also considered the Gemini
AO imaging of the inner regions of the HFF reported by Schirmer
et al. (2014), which has now been completed (5.2 hr of exposure)
for the MACSJ0416.1-240 cluster, and reaches point-source depths
of Ks ' 25.5 mag.
Finally we have also mosaiced the available Spitzer IRAC
3.6µm and 4.5µm imaging of the HFF cluster and parallel fields.
This provides imaging reaching a 5-σ point source detection depth
of ' 26 mag, subject to the effectiveness of local source decon-
fusion. Given the difficulties of accurately deconfusing the Spitzer
data, particularly in the two cluster fields, it was not included in the
final SED fits, although it was utilized as a sanity check to guard
against contamination from dusty low-redshift interlopers.
2.2 Catalogue creation
Initial photometric catalogues were produced by running
SEXTRACTOR 2.8.6 (Bertin & Arnouts 1996) in dual-image mode,
using each of the WFC3/IR filters sampling long-ward of the
Lyman-break at z ≥ 8.5 (i.e. J125, J140 &H160) as the detection
image. In addition, further catalogues were produced using all of
the relevant stacks of the HST near-infrared data as the detection
image (i.e. J125 + J140 +H160, J125 + J140 & J140 +H160).
From this initial set of six object catalogues, a master cata-
logue was constructed containing every unique object which was
detected at ≥ 5-σ significance in any of the detection images. For
those objects which were present in multiple catalogues, the posi-
tional information and photometry based on the highest signal-to-
noise ratio detection was propagated to the master catalogue. We
note that all of the final objects selected in this paper are detected
at better than 5-σ in the J140 + H160 stack, and all but two are
detected at better that 5-σ in the H160 imaging alone.
A master photometry catalogue was then constructed of all
unique objects, detected at ≥ 5σ in one of the six available cata-
logues, and undetected (at ≤ 2σ) in all of the ACS B435, V606 &
i814 images.
2.3 Photometry
For consistency with the HUDF12 analysis, the near-infrared pho-
tometry adopted in this study is based on circular apertures, with
the aperture diameter in each of the near-infrared bands tuned to en-
close ≥ 70% per cent of the flux-density of the filter-specific point
spread function (PSF). With HST WFC3/IR the required aperture
diameters are 0.40, 0.44, 0.47 and 0.50 arcsec for the Y105, J125,
J140, andH160 images respectively. For the photometry in the ACS
imaging we simply adopted an aperture diameter of 0.4 arcsec for
all bands, to avoid continuing to shrink the 70%-diameter apertures
to the point where astrometric errors become potentially problem-
atic for accurate photometry.
For the spectral energy distribution (SED) fitting we then cor-
rected all the above aperture photometry to 85% of total point-
source flux-density using the appropriate PSF for each band. Since
the near-infrared photometric apertures have all been tuned to in-
corporate 70% of point-source flux-density, the correction to 85%
of flux-density corresponds to a shift of −0.21 mag. In the ACS
bands this correction obviously becomes progressively larger as we
move from i814 to B435. In order to account for any extended flux,
the total magnitudes reported in Table 1, and adopted for all sub-
sequent luminosity function analysis, were calculated using a large
(0.85-arcsec diameter) circular aperture plus an additional point-
source correction.
Finally, for completeness, we also experimented with convolv-
ing all of the HST imaging to the same resolution as theH160 imag-
ing (using an appropriate kernel for each waveband) before then
undertaking aperture photometry in all bands with an aperture of
constant diameter (i.e. 0.5 arcsec). The results of the SED fitting
(described below) utilising this alternative matched-PSF photom-
etry were, in practice, indistinguishable from those obtained used
the matched aperture photometry as described above.
2.4 Depth analysis and photometric uncertainties
A key element in producing robust samples of high-redshift galaxy
candidates is the derivation of accurate photometric depth measure-
ments, both for the reliable exclusion of low-redshift contaminants,
and to produce the robust photometric error estimates required for
accurate photometric redshifts to be derived. Following our pre-
vious work (e.g. McLure et al. 2010, 2011, 2013) we derived ac-
curate measurements of the depths of each image by measuring
the aperture–to–aperture rms from a grid of apertures placed in
blank-sky regions (i.e. after excluding all regions of the images
containing significant object flux-density, as defined from a dilated
SEXTRACTOR segmentation map). This technique accurately ac-
counts for the additional noise introduced by a variety of systematic
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. The locations of the 12 z ' 9 galaxies uncovered in this study from the four HFF pointings completed to date, with the positions of the objects
superimposed on the depth maps of theH160 imaging. The colour coding indicates the 5-σ detection depth corresponding to 85% of point-source flux density.
As described in the text, these ‘local’ depth measurements were established from the rms obtained from a grid of ' 150 nearby apertures after exclusion of
any pixels containing significant source flux density. The effective area of our survey corresponds to the sum of the regions which have depths of 28 mag or
deeper in this format, although the impact of gravitational lensing in the two cluster fields also further reduces the effective final area of our survey at z ' 9
(see Section 3).
effects which are not captured by a simple noise model, or even by
the rms maps produced by the DRIZZLE data reduction algorithm
(e.g. Koekemoer et al. 2013).
To establish the appropriate ‘local’ aperture–to–aperture rms
measurement for each object in each image we based the statistics
on a sub-grid of the nearest ' 150 apertures. For consistent use
within the SED fitting this raw aperture-to-aperture rms was then
scaled to the equivalent value for 85% of PSF flux density.
In Fig. 1 we show the H160 depth maps for the four fields
which result from this process of local noise estimation. As can
be seen from this figure, all of the final z ' 9 candidates listed in
Table 1 and discussed in detail in Section 3 are selected from the
regions of the image for which σ160 > 30 mag within our adopted
0.5-arcsec diameter photometric aperture. The effective survey ar-
eas which result from confining attention to these deep regions of
the HST imaging are summarized below in Section 3.
2.5 Photometric redshifts
After initial exclusion of obvious low-redshift contaminants, the
photometry for our remaining potential high-redshift galaxy candi-
dates was processed using the photometric redshift code described
in McLure et al. (2011), and utilized in the HUDF12 luminosity
function analysis undertaken by McLure et al. (2013). This code is
described in detail in McLure et al. (2011), but its key elements can
be summarized briefly as follows.
The multi-frequency photometry (corrected to 85% of a point-
source as described above) for each galaxy is fitted with a range
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. The final z ' 9 galaxy sample. Column one lists the candidate names utilised in this paper and columns two and three list the coordinates. Columns
four and five give the best-fitting photometric redshift and the corresponding 1σ uncertainty. Column six gives the total observed H160 magnitude, measured
using a 0.85-arcsec diameter circular aperture, plus an additional point-source correction for extended flux. Column seven gives the source magnification (with
associated uncertainty) for the galaxies in the cluster fields (estimated from the CATS (Richard et al. 2014) and Zitrin et al. (2014) magnification models
as discussed in the text) and then column eight gives the resulting final apparent magnitudes after accounting for the relevant de-magnification of observed
brightness. The inferred total absolute UV magnitude (derived using a top-hat filter centred on λrest ' 1500A˚) is given in column nine, and finally column
ten provides references to recent independent discoveries of seven of our twelve z ' 9 galaxies: (1) Zheng et al. (2014), (2) Ishigaki et al. (2015) and (3) Coe,
Bradley & Zitrin (2015).
Name RA(J2000) Dec(J2000) zphot ∆z H160 Mag De-mag H160 M1500 References
HFF1C-9-1 00:14:24.93 −30:22:56.14 8.4 7.9−8.7 26.75+0.08−0.08 1.5+0.6−0.1 27.2+0.1−0.1 −19.9 1, 2, 3
HFF1P-9-1 00:13:57.33 −30:23:46.24 9.3 8.4−9.6 27.91+0.17−0.15 - 27.9+0.2−0.2 −19.6 2
HFF1P-9-2 00:13:53.65 −30:23:02.49 8.9 2.0−10.0 28.04+0.24−0.20 - 28.0+0.2−0.2 −19.2 2
HFF2C-9-1 04:16:09.40 −24:05:35.46 8.6 8.4−8.7 26.01+0.05−0.05 1.7+0.1−0.3 26.6+0.1−0.1 −20.6
HFF2C-9-2 04:16:11.52 −24:04:54.01 8.5 8.4−8.6 26.55+0.04−0.04 1.7+0.2−0.1 27.1+0.1−0.1 −20.2 3
HFF2C-9-3 04:16:10.35 −24:03:28.47 8.7 7.6−9.9 27.82+0.17−0.15 3.3+0.1−0.3 29.1+0.2−0.2 −18.1
HFF2C-9-4 04:16:09.02 −24:05:17.21 8.5 8.3−8.7 27.92+0.27−0.21 1.9+0.5−0.3 28.6+0.3−0.2 −18.7
HFF2C-9-5 04:16:11.09 −24:05:28.84 8.6 1.8−8.9 28.03+0.28−0.23 1.4+0.2−0.1 28.4+0.3−0.2 −18.9
HFF2P-9-1 04:16:35.97 −24:06:48.06 8.7 8.3−9.4 27.69+0.11−0.10 - 27.7+0.1−0.1 −19.6 3
HFF2P-9-2 04:16:31.72 −24:06:46.78 9.0 8.5−9.5 28.37+0.20−0.17 - 28.4+0.2−0.2 −19.1
HFF2P-9-3 04:16:36.42 −24:06:30.41 9.0 8.7−9.5 28.11+0.17−0.15 - 28.1+0.2−0.2 −19.3 3
HFF2P-9-4 04:16:30.43 −24:06:01.16 8.4 8.0−8.6 28.08+0.14−0.12 - 28.1+0.1−0.1 −19.1 3
of galaxy templates, either empirical spectra or evolving syn-
thetic galaxy-evolution models, with the best-fitting galaxy param-
eters determined via χ2 minimization. To ensure a proper treat-
ment of the photometric uncertainties, the fitting is performed in
flux-density–wavelength space, rather than magnitude–wavelength
space, and any measured negative flux densities are consistently in-
cluded. The code allows a wide range of dust reddening, based on
the Calzetti et al. (2000) dust attenuation law, and implements IGM
absorption according to the prescription of Madau (1995).
In addition, the code also includes the contribution from the
strongest emission lines in the rest-frame optical (i.e. [OII], [OIII],
Hβ and Hα). Initially, the Hα line flux is calculated from the star-
formation rate of the stellar population template using the Kenni-
cutt & Evans (2012) calibration, and the Hβ line flux is then cal-
culated assuming case B recombination. The strength of the [OII]
and [OIII] emission lines are then set by the line ratios observed
in star-forming galaxies at z ' 2 in the recent study of HST
grism spectra by Cullen et al. (2014). This is particularly relevant
to the current study because many of the z ' 9 candidates have
secondary photometric redshift solutions corresponding to young,
star-forming galaxies at z ' 2. If necessary, the code can also in-
clude Ly-α emission within a plausible range of rest-frame equiv-
alent widths (chosen to be EW0 ≤ 240A˚; Charlot & Fall 1993).
The best-fitting photometric redshifts and redshift probability den-
sity functions adopted here are based on Bruzual & Charlot (2003)
stellar population models with metallicities of 0.2Z or Z (al-
though generally the particular choice of best-fitting stellar popu-
lation model has little impact on the derived photometric redshift
constraints).
Based on the photometric redshift results, objects were ex-
cluded if it was impossible to obtain a statistically acceptable solu-
tion at z > 8 or if the photometric redshift probability density func-
tion indicated a very low probability that the object lies at z > 8.
At this point the remaining high-redshift candidates were care-
fully visually inspected to exclude any object for which even a
marginal detection was apparent in a stack of all of the ACS optical
imaging (i.e. B435 + V606 + i414). Lastly, the final galaxy sample
was refined down to include only those objects with a best-fitting
photometric redshift solution in the range 8.4 < z < 9.5.
As a final check we repeated the photometric redshift analysis
using the public code Le Phare2. This code produced photomet-
ric redshift solutions essentially identical to those produced by our
own customized code as described above, with the values of zphot
produced for potential z > 8 galaxies by the two codes in agree-
ment to within δz < 0.05.
In the next section we describe the properties of the final sam-
ple of z ' 9 galaxies in the four HFF pointings which was pro-
duced by this process.
3 RESULTS
3.1 Final z ' 9 galaxy sample and survey area
In Table 1 we list the 12 galaxies with H160 < 28.6 and robust
photometric redshift solutions in the range 8.4 < z < 9.5 un-
covered from within the four completed HFF pointings. We al-
low our adopted redshift range for z ' 9 galaxies to extend to
z ' 8.4 because, for objects so close to the z = 8.5 boundary, in-
clusion of even a relatively small amount of Lyman-α emission in
the SED templates used to derive the photometric redshifts would
move them to zphot ≥ 8.5 (obviously, exclusion of the two objects
with zphot ' 8.4 simply reduces our z ' 9 sample from 12 to 10
galaxies, while also reducing slightly the effective search volume).
The positions of these objects within the HST images are
shown in Fig. 1, where they are superimposed on the H160 depth
2 www.cfht.hawaii.edu/ arnouts/LEPHARE/lephare.html
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Figure 2. Postage-stamp images of our 12 selected z ' 9 galaxies as listed in Table 1. Left to right we show, for each object, an image constructed from the
stacked optical bands (B435 + V606 + i814), followed by the four HST WFC3/IR bands, and finally the ground-based Hawk-I KS band. All images are 5
× 5 arcsec, with North to the top and East to the left. The colour scale was set to span ±2-σ on either side of the median background after removal of any
significant companion-source flux in the vicinity of each high-redshift candidate.
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Figure 3. A demonstration of why we reject one of the z ' 9 galaxies reported by Ishigaki et al. (2015) in the Abell-2744 parallel field (their object YJ3).
On the left we show, in blue, the best-fitting z ' 6 SED, and, in orange, the alternative lower redshift (z ' 2) fit, which result from including our Hawk-I
KS -band photometry as well as the HST data, while on the right we show the corresponding fits including only the HST information. In fact, in both cases
it can be seen from the inserts of χ2 versus redshift that the redshift solutions are poorly constrained, and so this is not in any case an attractive object for
inclusion in a robust sample of objects. However, this figure shows that even the marginal detection in the KS -band tips the balance in favour of a solution at
z ' 6 rather than the z ' 9 solution which is (just) favoured without the KS -band information.
maps discussed above in Section 2. For the objects selected within
the cluster fields, we also provide estimates of source magnifica-
tion, and hence de-magnified H160 magnitudes in Table 1. To de-
rive these we have utilised the magnification map at z ' 9 pro-
duced by the CATS team3 (e.g. Richard et al. 2014) and have con-
sidered the alternative Zitrin et al. (2015) LTM and NFW magnifi-
cation maps to derive an estimate of the uncertainty in the source
magnifications. The values given in Table 1 are the median of these
three estimates at the position of each object (in practice averaged
across the appropriate photometric aperture) with the tabulated un-
certainty indicating the extremes provided by the two alternative
estimates.
From Table 1 it can be seen that, partly because of our decision
to confine our attention to the cleaner, consistently-deep areas of
imaging, none of these objects has a particularly high estimated
magnification; only one has a magnification greater than 2, and has
a de-magnified H160 magnitude fainter than H160 = 28.6. This
simplifies our subsequent analysis, because this means that we have
in practice uncovered 11 galaxies at z ' 9 with intrinsic H160 <
28.6 from a survey which is in effect complete to this depth (as we
achieve this depth at better than 5-σ in the J140 +H160 stack across
all of our selected area even in regions of the images where there is
no magnification from gravitational lensing).
We have also used the aforementioned CATS magnification
maps to estimate the effective area of our survey at z ' 9, and
hence the inferred cosmological volume probed over the redshift
range 8.4 < z < 9.5. Within the Abell-2744 cluster field we have
uncovered one z ' 9 galaxy from a survey area of 1.85 arcmin2
(the area of the imaging which, as indicated in Fig. 1, has a lo-
cal depth deeper than σ160 = 30 mag within a 0.5-arcsec diam-
eter aperture), which reduces to 0.71 arcmin2 after accounting for
lensing. Within the MACSJ0416.1-240 cluster field we have un-
covered five z ' 9 galaxies (or four if attention is confined to
intrinsic H160 < 28.6 mag) from a survey area of 2.59 arcmin2,
which reduces to 1.09 arcmin2 after accounting for lensing. Within
the Abell-2744 parallel field we have uncovered two z ' 9
galaxies within a survey area of 4.49 arcmin2, while within the
3 http://archive.stsci.edu/prepds/frontier/lensmodels
MACSJ0416.1-240 parallel field we have uncovered four z ' 9
galaxies within a survey area of 4.64 arcmin2.
In summary, therefore, accounting for the reduction in effec-
tive survey area due to enhanced noise, bright-object contamina-
tion, and gravitational lensing, our final sample of z ' 9 galaxies
is selected from a total survey area of 10.9 arcmin2, and contains 12
galaxies with observed H160 < 28.6, 11 of which have instrinsic
(de-lensed) H160 < 28.6.
In Fig. 2 we provide multi-band postage-stamp images of all
12 of our selected objects, and in Appendix A we show plots of the
best SED fits to the photometry, along with corresponding plots of
χ2 versus redshift for each source.
In Section 4 we utilise this new sample, in combination with
the existing fainter HUDF12 z ' 9 galaxy sample (selected from
an effective area of' 3 arcmin2) to revisit the normalization of the
z ' 9 UV galaxy LF. First, however, we consider how our sample
compares to those selected by other authors in the HFF pointings
which have already be investigated (or have previously been studied
using the shallower CLASH data).
3.2 Abell-2744 cluster field
We find only one galaxy in the Abell-2744 cluster field in the red-
shift range of interest. This galaxy is confirmed in both Ishigaki et
al. (2015) (their Y5) and Zheng et al. (2014) (their YD4).
In this field the agreement with Ishigaki et al. (2015) is very
good in the sense that we recover all three of the objects they re-
port in the cluster at z = 8.2 − 8.4 (their table 3), but two of
these (their Y2 and Y3, which is also YD8 in Zheng et al. 2014)
remain at zphot = 8.2 in our photometric redshift determination,
in exact agreement with Ishigaki et al. (2015), and hence these are
not included in Table 1, which we start at a minimum redshift of
zphot = 8.4 as discussed above.
The agreement with the z ' 9 objects listed in the Abell-2744
cluster field by Zheng et al. (2014) is more problematic. Other than
confirming their YD4 as discussed above (and documented in our
Table 1), and confirming their YD8 to lie at zphot ' 8.2, we fail to
confirm that any of the remaining 8 objects in table 3 of Zheng et al.
(2014) in fact lie at z > 8.2. In several cases this is simply because
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we find the objects to be real high-redshift objects, but with zphot
significantly lower than listed by Zheng et al. (2014). For example,
we find their YD1 to lie at zphot = 6, and their YD5, YD6, YD9
and YD10 to all lie at 7 < z < 8. Two other objects (their YD3
and YD11) appear to lie at much lower redshift (z < 3), while YD7
and YD8 (which correspond to Y2 and Y3 in Ishigaki et al. 2015)
just escape inclusion with zphot = 8.2 as already explained above.
Lastly we note that YD2, with H160 ' 28.8 mag, is too faint to be
included in our sample, as a result of which its redshift solution is,
in any case, highly uncertain.
3.3 Abell-2744 parallel field
As listed in Table 1, we report two z ' 9 galaxies in the Abell-2744
parallel field. Reassuringly, our two secure candidates correspond
to the brightest two of the three reported by Ishigaki et al. (2015),
their YJ1 and YJ2 (no analysis of the parallel field imaging was
attempted by Zheng et al. 2014). For the third candidate reported
by Ishigaki et al. (2015), their YJ3, we now find zphot ' 5.9, and
so we exclude it from the list in Table 1. This object provides an
example of how the inclusion of the deep Hawk-IKs-band data can
tighten constraints on the photometric redshifts, and so we show in
Fig. 3 the best fitting SED (and χ2 versus redshift) for this object
with and without inclusion of theKs-band photometry. Without the
Ks-band data, the redshift was found to be z ' 9.3.
3.4 MACSJ0416.1-240 cluster field
No results from other searches for high-redshift galaxies have so
far been published based on the completed HFF imaging of the
MACSJ0416.1-240 cluster field 4. However, unlike Abell-2744,
the MACSJ0416.1-240 cluster was one of the target fields in
the CLASH Treasury programme. This field thus featured in the
CLASH survey for galaxies at z ' 6− 8 conducted by Bradley et
al. (2014) and at z ' 9 reported by Bouwens et al. (2014). Here
we have used the new HFF data to uncover 5 galaxies at z ' 9, as
listed in Table 1.
However, none of these were reported as z ' 9 galaxies in
either of the aforementioned papers. Since HFF2C-9-3, HFF2C-9-
4 and HFF2C-9-5 all have H160 ' 28 − 28.2 their non-detection
in the much shallower (1–2 orbit) CLASH imaging is not surpris-
ing. However, the two significantly brighter objects, HFF2C-9-1
and HFF2C-9-2 (which both have H160 ' 26.5) should certainly
have been detected in the CLASH imaging, and so we have ex-
plored carefully why these objects might not have been reported as
z ' 9 galaxies by the CLASH studies. It transpires that the first of
these objects, HFF2C-9-1, fell just outside the J125 and J140 imag-
ing (and very close to the edge of the H160 imaging) obtained in
the CLASH programme (although it is covered by the CLASH J110
imaging), and so could not be included in the colour-colour crite-
rion applied by Bouwens et al. (2014). Given that we now have
coverage of this object in Y105, J125, J140, H160 we have com-
bined the new HFF photometry with the CLASH J110 photometry
to deduce where this object would appear in the colour-selection
plot utilised by Bouwens et al. (2014). This is shown in Fig. 4,
where we also show the other 4 z ' 9 candidates uncovered within
this field in the current study. Fig. 4 demonstrates that HFF2C-9-1
would indeed have been selected as a z ' 9 galaxy by Bouwens
4 Coe et al. (2015) identified several bright candidates based on partially
complete data.
Figure 4. The location of the five z ' 9 galaxies we have selected from the
MACSJ0416.1-240 cluster field relative to the colour-colour selection box
used by Bouwens et al. (2014) to select z ' 9 galaxies from the CLASH
Treasury programme, which included this cluster. The colour-colour crite-
rion adopted by Bouwens et al. (2014) includes use of the J110 photometry,
a filter which is not used in the HFF programme, and so we are only able
to show our 5 objects from this cluster here (and this involves extracting
the J110 photometry from the CLASH data). In part because of the limited
depth of the CLASH J110 imaging, the vertical error bars are large, but
it can still be seen that two of our objects lie within the box (we discuss
in Section 3.4 why the brightest source here would nevertheless not have
been selected by Bouwens et al. 2014). The three that do not lie in the se-
lection box all have photometric redshifts z ' 8.5 − 8.6, and so it is no
surprise that they would not have been selected by this colour-colour cri-
terion (which is biased towards higher redshifts, with a selection function
peaking at z ' 9.2).
et al. (2014) had the complete near-infrared photometry been avail-
able. This plot also shows that our object HFF2C-9-3 satisfies the
colour-colour selection criterion adopted by Bouwens et al. (2014),
but that our other three objects in the field (including HFF2C-9-2)
do not. However, this is not surprising, because these 3 objects lie
at zphot ' 8.5 − 8.6, and the Bouwens et al. (2014) criterion is
tuned to higher redshifts (the redshift window corresponding to the
colour-colour criterion peaks at z ' 9.2).
It is therefore clear why neither HFF2C-9-1 or HFF2C-9-2
would have been selected by Bouwens et al. (2014). More con-
fusing is why neither was identified as a high-redshift galaxy by
Bradley et al. (2014), since both objects feature in the CLASH pho-
tometric catalogue. In fact, in the CLASH catalogue, HFF2C-9-1
is ascribed a ‘low’ photometric redshift of z ' 2.2, but it tran-
spires that this result is driven by a claimed 6-σ detection in the
B435 CLASH imaging. In fact the much deeper B435 HFF image
is completely blank (as is the full optical stack; see Fig. 2), and
re-inspection of the shallower B435 CLASH imaging shows that if
there is any flux at the object position, it appears to be due to a linear
artefact. Given the apparently erroneous nature of the CLASH B-
band detection, the lack of multi-band near-infrared photometry in
the CLASH imaging, and the fact that, as stated above, this object
now clearly lies within the z ' 9 colour-colour selection box used
by Bouwens et al. (2014), we are confident that the low-redshift
solution can be safely rejected (see Fig. A1). Object HFF2C-9-2 is
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listed in the CLASH catalogue as lying at z ' 1.3, but even us-
ing the CLASH photometry our photometric-redshift code yields
z ' 8.45± 0.35. The new deeper HFF photometry simply further
strengthens the high-redshift solution (i.e. as with object HFF2C-9-
1 the much deeper ACS imaging shows no evidence for any optical
detection of object HFF2C-9-2).
For completeness, we note that two other potential high-
redshift galaxies in this field were ultimately removed in the fi-
nal stages of our sample refinement. One was a nearby companion
of HFF2C-9-2 situated at RA 04:16:11.53, Dec −24:04:53.14. Al-
though this object has an acceptable and apparently robust redshift
solution of zphot = 8.7±0.1, we have reservations about its valid-
ity due to an apparent, albeit marginal (' 2σ), detection in theB435
image5. The second object (at RA 04:16:36.39 Dec−24:06:29.62)
is close to HFF2P-9-3 and was found to have a preferred photomet-
ric redshift solution of zphot = 8.9. However, this is a very inse-
cure candidate with a very large acceptable range in photometric
redshift, and hence cannot be considered robust given the available
data. We note that inclusion of these rejected objects would simply
further strengthen the case for a gradual decline in the abundance
of star-forming galaxies beyond z ' 8 (see Section 4).
3.5 MACSJ0416.1-240 parallel field
No previous search for high-redshift galaxies in this field has been
published based on the full-depth HFF data, although Coe et al.
(2015) identified several candidates based on partially complete
data. As listed in Table 1, we report four z ' 9 galaxies.
4 ANALYSIS & DISCUSSION
4.1 A new estimate of the z ' 9 luminosity function
We have combined the new sample of z ' 9 galaxies with the
fainter sample derived through the HUDF12 programme (Ellis et
al. 2013; McLure et al. 2013) to produce a new estimate of the
galaxy UV LF. We used the effective de-lensed area calculations
described in Section 3.1 to calculate cosmological volumes for the
HFF sample, and performed a new set of source injection and re-
trieval simulations with the HFF imaging to estimate complete-
ness corrections as a function of magnitude (following McLure et
al. 2013). Although these simulations do not include a correction
for lensing shear, by restricting our analysis to the parallel fields
and the low magnification regions of the cluster images, we can
be confident that any shear correction is expected to be negligi-
ble (Oesch et al. 2014b). For the fainter HUDF12 sample we sim-
ply retained the stepwise maximum likelihood results presented by
McLure et al. (2013) as the best available estimate of the UV LF
around M1500 ' −18.
The final results of this process are shown in Fig. 5, where we
are now able to present four bins in luminosity at z ' 9. Clearly the
two new brighter bins provided by the wider area HFF survey are
consistent with the deeper HUDF12 results, and to put this result
in context, we also show in Fig. 5 the latest UV LFs at z ' 5, 6, 7
from Bowler et al. (2014a, 2014b) and z ' 8 from McLure et al.
(2013). Despite our now enlarged z ' 9 sample it is clear that, at
this redshift, the data do not span sufficient dynamic range, and in
particular do not probe sufficiently far beyond the apparent break
5 Note this object was also identified using CLASH data by Bouwens et al.
(2014).
Table 2. The Schechter-function parameters for the z = 9 UV galaxy lu-
minosity function (LF) derived from the combined HFF + HUDF12 sam-
ples, and assuming either density evolution or luminosity evolution from
the z ' 8 LF derived by McLure et al. (2013), with the faint-end slope
locked at the z ' 8 value. The errors on log(φ?) include the estimated
impact of cosmic variance following Robertson (2010a,b) and Robertson et
al. (2014); see section 4.4. The units of φ? are Mpc−3.
M?1500 log(φ
?) α
Density Evolution −20.1 −3.60+0.20−0.35 −2.02 (fixed)
Luminosity Evolution −19.7 −3.35+0.15−0.20 −2.02 (fixed)
Figure 5. Our new determination of the galaxy UV LF at z ' 9. The
light blue curves show the LF at z ' 5, 6, 7 as determined by Bowler et
al. (2014a, 2014b) while the purple curve shows the UV LF at z ' 8 as
determined by McLure et al. (2013). The two data-points around M1500 '
−18 show our SWML estimate of the z ' 9 luminosity function as derived
by McLure et al. (2013) from the HUDF12 dataset. The two new datapoints
at brighter absolute magnitudes are based on the galaxies in our new HFF
sample which lie at 8.5 ≤ z < 9.5 and have intrinsic H160 < 28.6 mag.
To show the inferred LF, we lock the faint-end slope at the value determined
at z ' 8, and show the effects of assuming density (solid line) or luminosity
(dotted line) evolution of the LF from z ' 8 to z ' 9. Our new HFF
points are clearly consistent with the fainter HUDF12 determination, and
now marginally favour the density-evolution fit. Integration of this function
then produces a consistent but somewhat higher estimate of UV luminosity
density at z ' 9 than reported by McLure et al. (2013) (see Fig. 6, and
Section 4.2 for details).
luminosity to undertake a meaningful new determination of the
faint-end slope, α. Therefore we proceed conservatively, and as-
sume that the basic shape of the LF is unchanged since z ' 8, and
fit the z ' 9 LF assuming the two extremes of density evolution
or luminosity evolution of the z ' 8 LF. These alternative fits are
shown in Fig. 5 by the solid and dashed lines respectively, and the
corresponding derived values of M?1500 and φ? are listed in Table 2
(in this table the errors on φ? include an estimated extra contribu-
tion due to cosmic variance; see Section 4.4 and Robertson et al.
2014).
We note that, although these two alternative fits are both ac-
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ceptable, the new HFF data mean that the density evolution fit
is slightly favoured. Continued luminosity evolution, as generally
found at lower redshifts z ' 5 − 8 (e.g. Bouwens et al. 2007;
McLure et al. 2009; Bouwens et al. 2011b; Bowler et al. 2014b)
is, however, also still clearly consistent with the available data. Re-
gardless of the precise values of the fitted Schechter-function pa-
rameters, it is clear from Fig. 5 that nothing too dramatic occurs
between z ' 8 and z ' 9, and the galaxy UV LF continues
the smooth decline witnessed over z ' 5 − 8. This conclusion
contrasts somewhat with that reached by Oesch et al. (2013) who
reported that the z ' 9 LF lay significantly below what is ‘ex-
pected’ based on continued smooth evolution. However, the sam-
ple on which Oesch et al. (2013) based this conclusion was signif-
icantly smaller than that reported here, and they did not have the
benefit of the J140 imaging which is so crucial in the selection of
reliable z ' 9 galaxy samples. In any case, examination of their
binned data at z ' 9 (shown in their figure 11) shows that all three
of their data points are in fact clearly consistent with the new more
accurate z ' 9 LF derived here.
4.2 Inferred high-redshift decline of UV luminosity density
Given our improved knowledge of the z ' 9 LF, it is clearly of in-
terest to recalculate the inferred UV luminosity density, and hence
star-formation rate density at z ' 9. As described in Robertson
et al. (2010, 2013) the high-redshift evolution of UV luminosity
density has important implications for reionization, given the ap-
parent need for reionization to be an extended process to explain
the optical-depth to Thomson scattering inferred from the polar-
ization of the microwave background (Hinshaw et al. 2013; Planck
Collaboration 2014). It can also provide a useful and fairly straight-
forward test of the ability of the latest galaxy simulations to predict
the early build-up of the galaxy population.
Therefore, in Fig. 6 we present the results of integrating the
UV LFs shown in Fig. 5 to derive the high-redshift evolution of
UV luminosity density, ρUV , and hence star-formation rate density,
ρSFR (with the latter quantity derived assuming a Salpeter IMF and
the UV-to-SFR conversion of Madau, Pozzetti & Dickinson 1998).
Our new estimated value at z ' 9 is log10 ρUV = 25.35 ± 0.10
(or, equivalently, log10 ρSFR = −2.55± 0.10) if, following what
has become common practice, the UV LF is integrated down to
M1500 = −17.7, equivalent to SFR ' 0.7 Myr−1. This limit
to the integration facilitates comparison with previous results, but
is also well motivated in the current case because, as can be seen
from Fig. 5, it corresponds well to the faintest absolute magnitude
probed directly by the available galaxy samples at z ' 9.
The value of ρUV at z ' 9 inferred from the HUDF12 pro-
gramme was already at the higher end of the published estimates,
but the result presented in Fig. 6 is somewhat higher still. This re-
flects the fact that, at least at the brighter luminosities, the UDF
has proved to be somewhat underdense at z ' 9 as judged against
the wider area probed by the HFF pointings studied here. Conse-
quently, it can be seen that our new results now strongly favour
a continued smooth decline in ρUV between z ' 8 and z ' 9,
rather than a marked drop-off at this epoch. To help focus the
debate over what happens to star-formation rate density beyond
z ' 8, Oesch et al. (2013) proposed that continued smooth evo-
lution at z > 8 could be parameterized as ρSFR ∝ (1 + z)−3.6
while their own results favoured a change at z > 8 to a much
steeper decline, with ρSFR ∝ (1 + z)−11.4 (revised slightly to
ρSFR ∝ (1 + z)−10.9 by Oesch et al. 2014b). We therefore in-
clude both these curves in the left-hand panel of Fig. 6, to help clar-
ify the comparison. Our new result at z ' 9 clearly favours the
shallower decline, but in fact our best fit value lies slightly below
the ρSFR ∝ (1 + z)−3.6 extrapolation. However, it is not clear
that this paramaterization provides the fairest or most appropriate
baseline for judging whether high-redshift evolution is proceeding
as ‘expected’. In fact, as shown in Fig. 6, a better description of
the smooth decline of ρUV from z ' 6 to z ' 9 is provided
by a simple linear relation between log10 ρUV and redshift, with
a least-squares fit to the datapoints shown in Fig. 6 yielding the
solid red line shown in the left-hand panel, given by the relation
log10(ρUV ) = −0.208(±0.035)z + 27.234(±0.244). It can also
be seen that this smoothly-declining relation leads naturally on to
the latest estimate of ρSFR at z ' 10 reported by Oesch et al.
(2014b) (based on the z ' 9.8 object identified by Zitrin et al.
2014), although it does not agree well with the, albeit highly un-
certain, estimate from Bouwens et al. (2015), plotted as the grey
open square. In addition, it can be seen from Fig. 6 that our de-
rived star-formation rate density at z ' 9 is only 0.16 dex higher
than that derived by Ishigaki et al. (2015). They choose to describe
their result as being supportive of a steep decline in ρSFR at high
redshift as proposed by Oesch et al. (2013, 2014b). However, it is
noteworthy that the Ishigaki et al. (2015) results are based only on
the Abell-2744 HFF fields, which have a significantly lower num-
ber density of z ' 9 galaxies than the MACSJ0416 HFF fields.
It is clear that our new ρSFR determination at z ' 9, based
on the largest and most robust z ' 9 galaxy sample assembled to
date, lies at the high end of pre-existing estimates. As shown by
the solid red line in the left-hand panel of Fig. 6, our new result
is in good agreement with a simple extrapolation of the evolution
in ρSFR seen at lower redshifts, and provides no evidence for a
dramatic decline in ρSFR at z ≥ 8. We conclude that Fig. 6 now
provides a convincing case that the smooth decline of ρSFR seen
from z ' 5 to z ' 8 continues to at least z ' 9.
4.3 Comparison with model predictions
A detailed comparison with the full range of available theoretical
models/simulations of early galaxy formation/evolution is beyond
the scope of the present paper, but in the right-hand panel of Fig. 6
we include a comparison of the observed smooth decline of UV
luminosity density (and hence SFR density) with the predictions of
six recent (and very different) models of galaxy formation. All of
the different models have been integrated down to an effective limit
of SFR ' 0.7 Myr−1 and corrected to a Salpeter IMF where
necessary.
It is very clear from the right-hand panel of Fig. 6 that, con-
trary to some recent reports in the literature (e.g. Oesch et al.
2014b), the Illustris model (Genel et al. 2014) does not reproduce
the observed gentle decline of UV luminosity density very well.
The data and the model predictions are in fairly good agreement
at z ' 6 − 7 but at higher redshifts the model predictions de-
scend too rapidly. It is interesting to note that this disagreement
is not just relative to our new measurement at z ' 9, but is al-
ready apparent by z ' 8, where there is a clear consensus over
the observed value. The origin of this disagreement is not clear,
but we note that the Illustris simulation, as is common practice, as-
sumes a reionization history that implements a redshift-dependent
UV background that is not self-consistent with the computed evolv-
ing star-formation rate density. We can speculate that this internal
inconsistency and/or the specific implementation of feedback may
impact on the ability of the Illustris and other similar simulations to
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Figure 6. The evolution of the observed comoving UV luminosity density (left-hand axis on each panel) and hence inferred star-formation rate density (right-
hand axis on each panel) versus redshift (from z ' 5 to z ' 10); ρUV was converted to ρSFR assuming a Salpeter IMF and the UV-to-SFR conversion
of Madau, Pozzetti & Dickinson (1998). The filled black data-points result from the luminosity-weighted integration of the UV LFs shown in Fig. 5 down to
M1500 = −17.7, or equivalently a limiting star-formation rate of SFR ' 0.7 Myr−1. The grey points at z ' 9 and z ' 10 (open circles, filled circles,
open triangle, filled triangle and open square) are taken from Ellis et al. (2013), Oesch et al. (2014b), McLure et al. (2013), Ishigaki et al. (2015) and Bouwens
et al. (2015) respectively. Our new estimate of the UV luminosity density at z ' 9 is based on the density evolution fit shown in Fig. 5, with the error-bar
including the effects of uncertainty in the faint-end slope, and also estimated cosmic variance as described in Robertson et al. (2014). The solid red line shown
in the left-hand panel shows that a straightforward linear function of redshift (given in the text) provides an excellent description of the gradual decline in ρUV
from z ' 6 to at least z ' 9 given our new result, and apparently also to z ' 10 (Oesch et al. 2014b), although it does not agree well with the (albeit highly
uncertain) z = 10.4 data-point from Bouwens et al. (2015). The higher and lower thin grey lines in the left-hand panel show the alternative extrapolations
beyond z ' 8 as proposed by Oesch et al. (2014b), with ρUV ∝ (1+z)−3.6 (higher/shallower grey line) and ρUV ∝ (1+z)−10.9 (lower/steeper grey line);
clearly our new data-point at z ' 9 favours the more gently declining of these extreme alternatives (although it lies slightly below this, and is better described
by the aforementioned linear relation with z). In the right-hand panel we compare the observed smooth decline of UV luminosity density with the predictions
of six recent (and very different) models of galaxy formation. The orange, cyan, pink, blue, green and red curves show the predictions from Behroozi & Silk
(2015), Cai et al. (2014), Khochfar et al. (in preparation), Dayal et al. (2014), Genel et al. (2014) and Henriques et al. (2014) respectively. All models have
been integrated down to an effective limit of SFR ' 0.7 Myr−1 and corrected to a Salpeter IMF where necessary. In the right-hand panel we again show
our own data-points in the redshift range 5 < z < 9 (black) and the latest z ' 10 estimate (grey) from Oesch et al. (2014b).
correctly predict the evolving abundance of faint galaxies at early
times.
It can be seen that the observed evolution of UV luminosity
density is rather better produced by the semi-analytic models of
Cai et al. (2014) and Dayal et al. (2014). It should be noted that
while the Dayal et al. (2014) model has been tuned to fit the z ' 7
UV LF, it contains only two redshift independent free parameters
designed to describe the key physics of early galaxy formation as
embedded within a dark-matter halo merger tree. Thus it can be
seen that the observed early evolution of SFR density is broadly
as expected given the predicted hierarchical growth of underlying
structure within the ΛCDM model. However, our new results sug-
gest that our understanding of the baryonic physics of early galaxy
growth still needs further refinement, given that globally-averaged
star formation activity appears to have built up more rapidly at very
early times (z > 10) than predicted in current models.
4.4 Cosmic variance and future projections
As mentioned above, in constructing our luminosity function and
UV luminosity density estimates, we have attempted to account
for cosmic variance uncertainty owing to the luminosity-dependent
spatial clustering of high-redshift galaxies. We adopt the cosmic
variance model described by Robertson (2010a,b) that utilizes
abundance-matching of galaxies and dark matter halos to estimate
the clustering bias of objects in our sample and calculate the com-
bined Poisson and sample variance uncertainty of the binned num-
ber counts (see, e.g., Schenker et al. 2013). For our samples in the
HFF lensing clusters, we have accounted for the amplification of
cosmic variance owing to the impact of magnification on the ef-
fective search area following Robertson et al. (2014). The cosmic
variance uncertainty in the luminosity function shown in Fig. 5 has
been propagated through to the uncertainty in the UV luminosity
density shown in Fig. 6. If the Abell-2744 and MACS J0416.1-240
samples are representative of the remaining HFFs, we project that
the associated uncertainties may improve by as much as a factor of
two in the final samples.
We conclude by emphasizing the value of the HFF parallel
fields in this work; these have provided the majority of the boost
in survey area (and hence cosmological volume) for probing the
brighter end of the z ' 9 LF, in effect more than trebling the area
of usefully deep J140 + H160 imaging over that previously pro-
vided by HUDF12. This work thus provides strong motivation for
completing all six of the planned HFF cluster + parallel fields, and
we look forward to this being achieved in the coming years.
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5 CONCLUSION
We have completed a new search for galaxies at redshift z ' 9 in
the first two Hubble Frontier Fields for which the HST WFC3/IR
and ACS imaging has now been completed (in both the cluster and
parallel fields). To ensure robust photometric redshift solutions and
to minimize incompleteness, we have confined our search to ob-
jects with H160 < 28.6 AB mag, and have considered only the
homogeneously deep regions of the imaging which have an rms
noise σ160 > 30 mag (within a 0.5-arcsec diameter aperture). We
have also insisted on detections in both H160 and J140, to ensure
the selection of z ' 9 objects with a confirmed blue continuum
longward of the putative redshifted Lyman break.
The result is a survey covering an effective area (after account-
ing for magnification) of 10.9 arcmin2, which yields 12 galaxies at
8.4 < z < 9.5. Within the Abell-2744 cluster and parallel fields
we confirmed the three brightest objects reported by Ishigaki et al.
(2015), but have recovered only one of the four z > 8.4 sources
reported by Zheng et al. (2014). In the MACSJ0416.1-240 cluster
field we have uncovered five objects, and explain why each of these
eluded detection or classification as z ' 9 galaxies in the published
searches of the shallower CLASH data. Finally we have discov-
ered four z ' 9 galaxies from within the previously unsearched
MACSJ0416.1-240 parallel field.
Based on the published magnification maps we have deduced
that only one of these 12 galaxies is likely boosted by more than a
factor of two by gravitational lensing. Consequently we have been
able to perform a fairly straightforward reanalysis of the normal-
ization of the z ' 9 UV galaxy luminosity function as explored
previously in the HUDF12 programme, and have then integrated
the UV LF to derive the most accurate measurement to date of UV
luminosity density (and hence star-formation rate density) at z ' 9.
Our main conclusion is that the new data strengthen the ev-
idence for a continued smooth decline in UV luminosity density
(and hence star-formation rate density) from z ' 8 to z ' 9,
contrary to recent reports of a marked drop-off at these redshifts.
This result alleviates concerns that such a rapid down-turn in early
star formation would present significant obstacles for the conclu-
sion that high-redshift galaxies provided the bulk of the ultraviolet
photons required to produce and maintain cosmic reionization.
Finally we find that the observed decline of star-formation rate
density with increasing redshift over z ' 5 − 9 is significantly
more gradual than predicted by some of the latest theoretical simu-
lations of galaxy formation (e.g. Genel et al. 2014; Henriques et al.
2014). Whatever the origin of this discrepancy, our results indicate
that galaxy evolution, and hence globally-averaged star formation
activity builds up more rapidly at very early times (z > 10) that
predicted in current models.
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APPENDIX A: SPECTRAL ENERGY DISTRIBUTION
FITS AND PHOTOMETRIC REDSHIFTS
In this Appendix we show, for completeness, the spectral energy
distribution (SED) fits to the multi-wavelength photometry of the
twelve objects listed in Table 1, to illustrate the photometric redshift
constraints which led to their classification as likely galaxies in the
redshift range 8.4 < z < 9.5. From Fig. A1 it can be seen that
most of the objects have secure z ' 9 solutions, although three of
the faintest sources also have acceptable lower redshift solutions.
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Figure A1. The spectral energy distribution (SED) fits to the multi-waveband photometry for the twelve z ' 9 galaxies selected in this study as listed in Table
1. In each panel we show the preferred high-redshift SED in blue, and the alternative lower redshift solution in orange. Arrow heads indicate the (local) 1-σ
upper limits derived from non-detections in the relevant photometric bands. The insert in each plot shows χ2 versus redshift. In general, it can be seen that
the alternative lower redshift solutions lie either at z ' 2 or z ' 6. However, we note that the physical plausibility of several of these solutions is debatable,
with the z ' 6 solutions often corresponding to maximally old quiescent stellar populations, while several of the z ' 2 solutions invoke extreme reddening
combined with strong line emission.
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